Background and Purpose-Disruption of the blood-brain barrier has been proposed to be important in vascular cognitive impairment. Increased cerebrospinal fluid albumin and contrast-enhanced MRI provide supporting evidence, but quantification of the blood-brain barrier permeability in patients with vascular cognitive impairment is lacking. Therefore, we acquired dynamic contrast-enhanced MRI to quantify blood-brain barrier permeability in vascular cognitive impairment. Method-We studied 60 patients with suspected vascular cognitive impairment. They had neurological and neuropsychological testing, permeability measurements with dynamic contrast-enhanced MRI, and lumbar puncture to measure albumin index. Patients were separated clinically into subcortical ischemic vascular disease (SIVD), multiple and lacunar infarcts, and leukoaraiosis. Twenty volunteers were controls for the dynamic contrast-enhanced MRI studies, and control cerebrospinal fluid was obtained from 20 individuals undergoing spinal anesthesia for nonneurological problems. Results-Thirty-six patients were classified as SIVD, 8 as multiple and lacunar infarcts, and 9 as leukoaraiosis. The albumin index was significantly increased in the SIVD group compared with 20 control subjects. Permeabilities for the patients with vascular cognitive impairment measured by dynamic contrast-enhanced MRI were significantly increased over control subjects (PϽ0.05). Patient age did not correlate with either the blood-brain barrier permeability or albumin index. Highest albumin index values were seen in the SIVD group (PϽ0.05) and were significantly increased over multiple and lacunar infarcts. K i values were elevated over control subjects in SIVD but were similar to multiple and lacunar infarcts. Conclusions-There was abnormal permeability in white matter in patients with SIVD as shown by dynamic contrast-enhanced MRI and albumin index. Future studies will be needed to determine the relationship of blood-brain barrier damage and development of white matter hyperintensities. (Stroke. 2011;42:2158-2163.)
V ascular cognitive impairment (VCI) is an important cause of intellectual decline in the elderly. [1] [2] [3] [4] [5] Imaging and pathological studies have shown white matter hyperintensities (WMHs) on MRI in patients with VCI that are suggested to be due to silent strokes. 4, 6 However, an alternate hypothesis is that an inflammatory response initiates disruption of the blood-brain barrier (BBB) with subsequent damage to the white matter. 7 Serial MRIs in patients with small vessel disease shows progressive growth of WMHs, suggesting a generalized abnormality of the white matter. 8 Brain tissue from patients with VCI shows serum-derived proteins. 9 Elevated levels of cerebrospinal fluid (CSF) albumin are frequently found in patients with VCI. 10, 11 Qualitative contrast-enhanced MRI studies demonstrate leakage of contrast agents. 12, 13 Recently, dynamic contrast-enhanced MRI (DCEMRI), using gadolinium-diethylenetriamine pentaacetic acid (Gd-DTPA), was used to measure BBB permeability in animals with strokes. 14, 15 We adapted this method to study BBB permeability in humans and have used it for measurements in patients with VCI. 16 We compared the results of DCEMRI with CSF albumin index (Q alb ), an independent measure of BBB integrity.
Subjects and Methods

Subjects
Sixty patients with cognitive complaints and abnormal white matter signal on brain MRI were entered into the study. Patients were from the University of New Mexico Hospital and the Albuquerque Veterans Administration Hospital. Only those patients capable of giving informed consent for lumbar puncture were enrolled in the study. The Twenty control subjects had an MRI with Gd-DTPA to obtain normal values for DCEMRI, and control CSF was obtained from 20 subjects without neurological diseases during spinal anesthesia.
Diagnoses
Patients had an abnormal MRI and reported cognitive difficulties. Study neurologists (J.C.A., E.E., G.A.R.) separated patients into diagnostic subgroups based on the results of the neurological, neuropsychological, and anatomic MRI findings without knowledge of DCEMRI and CSF results: (1) suspected microvascular disease with extensive white matter involvement (SIVD); (2) large vessel multiple or small vessel lacunar infarcts limited primarily to gray matter (MI/LAC); and (3) leukoaraiosis when WMHs were small and not thought to be related to VCI. 4 Patients with SIVD had cognitive complaints, focal neurological findings, gait disturbances, and WMHs on MRI. [17] [18] [19] MI/LAC was suspected in patients with stroke-like episodes that were evident on MRI. Patients with subjective complaints and abnormalities in the white matter on MRI but who did not meet the criteria for VCI were classified as leukoaraiosis. 20 All patients had medical evaluations to exclude other causes of white matter disease and cognitive impairment. None of the patients had a CSF demyelinating profile or clinical course compatible with multiple sclerosis.
MR Data Acquisition Protocol
The method of MRI measurements of BBB permeability has been described. 16 Briefly, MRI investigation was performed using a 1.5-Tesla Siemens whole-body clinical scanner with a standard 8-channel array head coil (Siemens AG, Erlangen, Germany). The MRI protocol consisted of anatomic and contrast-enhanced sequences with Gd-DTPA contrast (Bayer Corp). The BBB measurement was based on a time series of 8 T1 maps acquired with a fast T1 mapping sequence with partial inversion recovery. 21, 22 One T1 map was acquired before Gd-DTPA injection and the rest were sampled post injection resulting in a 2-dimensional time series data set of MR images.
We used a quarter dose of Gd-DTPA, which provided sufficient washout curves. In the vicinity of this dose, there is an approximately linear relationship between T1 intensity and the concentration of Gd-DTPA with a relatively steep slope, conferring high sensitivity of T1 to Gd-DTPA concentration changes. Plasma levels of Gd-DTPA that are used in the graphical method of permeability calculation were sampled from the sagittal sinus. Gd-DTPA was injected by pump as a rapid intravenous bolus.
DCEMRI Data Analysis Methods
Preprocessing and motion correction were performed before further processing of the data. After aligning the images, dynamic Kalman filtering was applied for denoising without losing the dynamics of contrast, providing a motion-free time series of T1 map images for analysis. 23, 24 Using time series data, we calculated the rate at which the contrast agent passed from the vascular compartment into the tissue compartment, K i , using the Patlak formulation of tracer leakage. 14, 23 Permeability measurements were made in the white matter.
We used pooled data from the healthy control subjects to obtain an upper limit and confidence intervals for normal BBB permeability coefficients. Normative permeability data came from successfully completed studies in 17 of the 20 control subjects, ranging in age from 22 to 80 years (meanϮSEM of 44Ϯ4 years). The permeability data from this group were combined to generate histograms of the permeability distributions, fitting the data to a distribution function with the statistical program R (R Development Core Team, 2007). The normal value of K i in white matter was defined as the upper limit of the 95% range of normal value, which was 3ϫ10 Ϫ4 mL/g-min. 14, 16 
Statistical Methods
Statistical analyses for between-group differences for neuropsychological tests and clinical history were done using SPSS (SPSS for Windows, 16.0.1). For the BBB and Q alb data, we determined statistical significance with nonparametric analysis of variance with Kruskal-Wallis corrections for multiple comparisons and with Spearman rank nonparametric correlations or linear correlations (Prism 5; GraphPad Software, Inc, La Jolla, CA). The data were analyzed using receiver operator characteristic analysis with the receiver operator characteristic function to determine cut points for K i . Statistical significance was set at PϽ0.05. The data were represented as meanϮSEM.
Results
Patient Classification
Clinical diagnoses of the 60 patients with VCI are given in Supplemental Table I (http://stroke.ahajournals.org). Forty-four patients had neurological, neuropsychological, and neuroimaging findings consistent with VCI-no dementia. 4, 5 Thirty-six patients were classified as SIVD and 8 as MI/LAC. Nine of the patients with lesions in the white matter could not be diagnosed as VCI-no dementia. Because the diagnosis in these patients was uncertain, they were classified with the nonspecific designation of leukoaraiosis. 20 We excluded 7 patients due to technical problems related to the MRI.
Ages of the patients in the different groups were similar statistically (Supplemental Table I ) and ranged from 31 to 82 years. Average ages were not statistically different between the groups. The incidence of hypertension, diabetes, and hyperreflexia were similar in the 3 groups. Incidence of imbalance was highest in the SIVD group (PϽ0.05), and hyperreflexia was highest in the MI/LAC group (Supplemental Table II) .
Neuropsychological test results were significantly different for the various diagnostic categories for language function only with the poorest performance seen in the patients with SIVD and the highest in the leukoaraiosis group (Supplemental Table III) .
BBB Permeability in Patients With VCI and Control Subjects
A histogram of pixels from a representative control permeability map shows no pixels with permeability statistically significant above the threshold value of 3ϫ10 Ϫ4 mL/gm-min ( Figure 1A ). In contrast, in patients with VCI, there were regions of permeability above the threshold value. A perme-
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ability map and corresponding histogram from a representative patient with SIVD showed permeability values that were shifted to the right in the histogram ( Figure 1B) . Patients classified as SIVD had large areas of WMHs. Leakage of contrast was restricted to smaller areas that were within the center of the WMHs. However, regions with elevated blood-to-brain transfer rate of Gd-DTPA could not be predicted from the fluid-attenuated inversion recovery MRI as seen in a series of representative fluidattenuated inversion recovery MRI with corresponding permeability maps taken from the same slices through the brain, where the disparity between the 2 imaging methods is apparent (Figure 2 ).
Albumin Index and MRI Permeability Coefficients
Comparison of patients' ages with either the albumin index or the mean permeability coefficients failed to show a correlation with either parameter (Figure 3 ). In the control CSF, a correlation was found for age with Q alb (PϽ0.05), but DCEMRI controls failed to show a correlation with age (data not shown).
Permeability Constants and Albumin Index in Diagnostic Groups
Albumin index was highest in the SIVD group and significantly greater than either the leukoaraiosis or control subjects (PϽ0.05; Figure 4A ). Similarly, we found the highest values for the BBB permeability in the SIVD group, which was statistically higher than the controls ( Figure 4B ). We failed to find a correlation between the levels of K i and Q alb , possibly because the DCEMRI measures white matter permeability, whereas Q alb is a composite of white matter, gray matter, and choroid plexus.
Receiver operator characteristic analysis was performed to test the ability of the mean abnormal permeability to discriminate between SIVD and control subjects. The area under the receiver operator characteristic curve was 0.88. The cut point of 0.0018 mL/g-min provided 84% sensitivity and 81% specificity ( Figure 5 ).
Discussion
BBB permeability was abnormal in patients with VCI. This was demonstrated with increased CSF albumin as shown by others and by a novel method to quantify BBB permeability in humans. Albumin index was greatest in the patients with SIVD and differed significantly from those with MI/LAC and control subjects. Although DCEMRI was greater for patients with SIVD compared with control subjects, there was no difference between SIVD and MI/LAC. Our results support the earlier studies that showed an increase in CSF albumin and contrast agent leakage and provide the first quantitative data to support a role for BBB disruption in VCI.
Comparison of MRI fluid-attenuated inversion recovery images of WMHs with regions of increased permeability showed that the areas of increased permeability were within the WMHs. We observed the highest permeability in the center of WMHs and not around the periphery. Our results provide a link between the white matter damage and the alterations in the vasculature that most likely represent vasogenic edema.
Pathological studies show extravasation of serum proteins into the white matter in SIVD. 9, 25, 26 Several prior contrastenhanced MRI studies showed abnormal BBB permeability qualitatively in Binswanger disease 12 and lacunar strokes. 13, 27 In a recent study comparing MRI with pathological findings in VCI, regions of WMHs on MRI had histological evidence of arteriolosclerotic blood vessels, corresponding to regions with demyelination. 28 Increased levels of albumin in the CSF are seen in VCI, suggesting that this indicator of BBB damage can be used as a biomarker in VCI (see for review Farrall and Wardlaw 11 ). In surveys of patients with Alzheimer disease and vascular causes of dementia, patients with vascular disease have higher CSF albumin levels than seen in Alzheimer disease. 29 When the patients were divided into diagnostic categories by clinical criteria, we found that those with SIVD had the highest values for both the mean permeability and Q alb . No relationship was observed between age and either Q alb or K i for the patient groups. However, the control subjects showed a significant increase with age for the Q alb , which has been reported by others, but this was not seen in the patients. 11 The K i failed to show an increase with age in the controls (data not shown).
Quantitative measurements of BBB permeability in humans have been done with MRI and CT. Routine contrastenhanced MRI with Gd-DTPA, which is performed with circulation of the contrast agent for several minutes, fails to show enhancement in VCI. We used a lower dose of Gd-DTPA and a longer circulation time to detect the subtle changes in BBB permeability. The measurements of permeability were obtained from an average of all sites with leakage. Using receiver operator characteristic plots, we found a cut point for K i values determined by DCEMRI of 0.0018 mL/min-g, which resulted in a high sensitivity and specificity for detection of SIVD compared with control subjects.
Various theories have been proposed to explain the selective damage to the central white matter in patients with the small vessel form of VCI. The vasculature supplying the deep white matter is a border zone between several vascular territories, and the arteries have a long course that could be further compromised by arteriolosclerosis. 30, 31 Veins in the deep white matter have increased collagen deposition, which could interfere with removal of interstitial fluid and proteins and drainage of blood. 32 A recent pathological study in patients with VCI showed an increase in hypoxia inducible factor-1␣, suggesting a chronic hypoxic state. 33 The diagnoses are provisional and may be modified with long-term follow-up or at autopsy. Many of the patients have been followed for Ն2 years with only 2 that have died and undergone autopsy. As a group, they had mild cognitive changes. We found that the majority of patients had the SIVD form with small vessel disease, which is consistent with other studies based on autopsies. 34, 35 Many had hypertension, whereas fewer had diabetes. A smaller number had large vessel strokes or a single strategic stroke. Separation of SIVD from those with both Alzheimer disease and VCI is difficult clinically, and some of those with extensive white matter disease in the SIVD group may have mixed disease.
In conclusion, we showed disruption of the BBB in VCI using 2 independent measures. Both the DCEMRI method and elevated albumin in the CSF showed the greatest disruption in the patients with SIVD, suggesting a link between the extensive changes in the white matter and opening of the BBB. However, further studies will be needed to define the relationship of BBB dysfunction to the development of white matter lesions. If these results are confirmed in larger studies with long-term follow-up, DCEMRI, which is less invasive than lumbar puncture, may both aid VCI patient selection and serve as a biomarker for treatment trials. 
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None. 05) . B, Mean white matter permeability, K i , was significantly higher for the SIVD and MI/LAC groups than the control subjects (CON), but no differences were seen between SIVD and MI/LAC. Asterisks indicate a significant difference by nonparametric analysis of variance (PϽ0.05). Q alb indicates albumin index; SIVD, subcortical ischemic vascular disease; MI/LAC, multiple and lacunar infarcts. Figure 5 . Receiver operator characteristic (ROC) curve used for analyzing mean BBB permeability performance for classification of patients with SIVD from control subjects. Evaluation of the discrimination of SIVD based on mean BBB permeability shows an ROC cut point of 0.0018, which discriminates SIVD from control subjects with a reasonable balance in sensitivity and specificity. Area under the curve (AUC) and significance are shown. BBB indicates blood-brain barrier; SIVD, subcortical ischemic vascular disease. 
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